Halide perovskites exhibit slow rates of non-radiative electron-hole recombination upon illumination. Chu et al. [Sci. Adv. 6 7, eaaw7453 (2020)] use the results of first-principles simulations to argue that this arises from the nature of the crystal vibrations and leads to a breakdown of Shockley-Read-Hall theory. We highlight flaws in their methodology and analysis of carrier capture by point defects in crystalline semiconductors.
The theory of carrier capture and recombination in semiconductors has a rich history. Early developments include the statistical model of Shockley and Read 1 that could explain the measurements of Hall 2 , as well as the spectroscopic models of Huang and Rhys. 3 These were complemented by more rigorous theories over the subsequent decades that have been extensively reviewed. 4 Often "multi-phonon emission" is highlighted, which is linked to the structural change that occurs upon charge trapping. 5, 6 There has been a recent renaissance in the theory led by the first-principles formalisms including those of Alkauskas et al. 7 and Shi et al., 8 which have been applied to a range of semiconductor hosts.
The defect tolerance of hybrid perovskites to nonradiative electron-hole recombination in solar cells is well established in the literature. [9] [10] [11] In their article, Chu et al. 12 explore the behaviour of five point defects in methylammonium lead iodide (MAPI) using first-principles non-adiabatic molecular dynamics (NAMD). We argue that their methodology is insufficient to explain the nonradiative electron-hole recombination rates of halide perovskite semiconductors and does not support a breakdown of conventional models.
Resilience of Shockley-Read-Hall theory
Shockley-Read-Hall (SRH) theory 1,2 describes the statistics of sequential carrier capture by trap levels in semiconducting materials based on the principle of detailed balance. The balance of electron and hole capture is determined by the steady state population of the charge states of defects, which is a function of carrier concentration, capture cross-section, and thermodynamic charge-transition (trap) level. A deep trap may have a large or small capture cross section for an electron or hole, but the same statistics still apply.
Under conditions of high illumination intensity, twocarrier (radiative) and three-carrier (Auger) recombination processes often dominate, which does not contradict SRH theory. 13 These other processes have recently been explored for MAPI. 14 While Chu et al. argue for the "breakdown of SRH theory", they do not actually consider the relevant capture processes and the correspond-ing recombination statistics to support their claim.
Significant weight is given to analysis of the electronic density of states (DOS) in Ref. 12 . It is well established that the single-particle DOS is a poor descriptor of the quasi-particle optical or thermal trap levels associated with a defect in an extended solid. An ionisation process, e.g.
includes electronic and structural relaxation of the final charge state [D + ], as well as the energy of an electron far from the defect [e − ]. This is why a ∆-SCF typeapproach is used as a standard protocol for defect calculations,making them comparable to a range of deep level spectroscopies. Defects that feature a shallow DOS may indeed exhibit deep trap states. In Ref. 12 , all defects are modelled in neutral charge states. These are not the ground-state configurations 9 and indeed the electrostatics of charged defects is a primary driving force for carrier capture. For example, the iodine vacancy introduces a resonance level into the conduction band of MAPI. In an undoped material, it will exist as V I + with the electron donated to the reservoir of conduction electrons. An appropriate initial charge state is essential to describe trap-mediated recombination events.
The most basic interaction between a charge carrier and a defect in a dielectric host is electrostatic. This effect is often accounted for by the Sommerfeld Factor (s). 4 The Coulomb interaction between a charge carrier q and point defect Q can be attractive (Z = Q/q < 0) or repulsive (Z = Q/q > 0). For the attractive case, the relationship is:
where E R is the effective Rydberg energy
There are two consequences for halide perovskites. Firstly, the halide anion (Q = −1) ensures that Q will 15 . The core part of the all-electron wave function is evaluated using pawpyseed. 16 The valence band maximum (VBM) is triply degenerate, while the conduction band minimum (CBM) is nondegenerate.
remain small compared to chalcogenides (Q = −2) or pnictides (Q = −3). Secondly, large static dielectric constants (ǫ 0 > 20) ensures that E R remains small. Together, a singly charged defect in MAPI (e.g. V I + ) is screened by 10× compared to a triply charged defect (e.g. V As +++ ) in GaAs. Thus, long-range electrostatic and dielectric effects will play an important role in the carrier capture and defect tolerance of MAPI, but are not considered in Ref. 12.
Unphysical non-radiative recombination
Theories of non-radiative carrier capture stem from Landau-Zener theory that describes the probability of transition following a non-adiabatic level crossing. In Ref. 12 and recent publications 17,18 fast "direct" nonradiative electron-hole recombination has been predicted in pristine crystalline semiconductors. The 1.5 eV band gap should act as a substantial barrier that prohibits band-to-band non-radiative recombination. The simulations imply a crossing of valence and conduction bands; however, such band gap collapse is unphysical at room temperature. For MAPI, Chu et al. indeed showed that the electronic eigenvalues of the valence band maximum (VBM) and conduction band minimum (CBM) do not vary significantly during the molecular dynamics simulations.
We argue that the non-adiabatic coupling (NAC) matrix elements d jk between the valence and conduction bands must be significantly overestimated in Ref. 12 . The approach results in exaggerated non-radiative recombination in pristine systems. For example, carrier lifetimes have been observed to exceed 100 µs in MAPI single crystals, yet they calculate "20% direct nonradiative recombination" after just 2 ns. Due to a poor description of the perfect crystal, defects can then appear to hinder recombination in the simulation time scale. Indeed, one central conclusion is that an iodine interstitial can reduce non-radiative recombination. Similar claims have been made about the lead vacancy. 19 NAMD is powerful for its description of molecular ex-citations and chemical transformations. 20 In the Hefei-NAMD 21 implementation, the matrix elements are calculated using the time-derivative of the overlap between two Kohn-Sham wave functions:
The underlying code VASP uses the projectoraugmented-wave (PAW) method, 22 and the pseudo wave functions at the Γ-point (from WAVECAR) are used to calculate d jk . However, these wave functions are neither eigenstates of the Hamiltonian nor orthogonal. 22 We illustrate for the case of zinc-blende GaAs in Table I . Description of the overlap matrix requires transformation to all-electron wave functions are orthonormal. The values obtained from pseudo wave functions are not simply rescaled, but feature off-diagonal elements. The spurious nature of the coupling must impact the time evolution of NAMD. In addition, the band-edge states of semiconductors will be poorly described due to Γ-point sampling of the Brillouin zone. Even if the proper matrix elements were employed, the kinetics of trap-mediated recombination are first-order and limited by the capture of the minority carrier. For a positive trap, the excess electronic energy is emitted as heat ( ω) at each sequential discrete capture events:
In contrast, NAMD simulates a bimolecular electron-hole excitation of a defective unit cell (∼ 10 21 cm −3 excitons) and monitors the continuous fractional decay (δ) of an excited state after a finite simulation time (2 ns), i.e. 
To describe realistic SRH non-radiative recombination in a crystalline semiconductor using a real time approach, a large supercell and long timescales would be required, likely beyond the means of present simulation capability.
